In this work, a ground-based remote sensing instrument was used for observation of the trace gases NO 2 and CHOCHO in Hefei, China. Excessive development and rapid economic growth over the years have resulted in the compromising of air quality in this city, with haze being the most prominent environmental problem. This is first study covering observation of CHOCHO in Hefei (31.783 • N, 117.201 • E). The observation period of this study, i.e., July 2018 to December 2018, is divided into three different categories: (1) clear days, (2) haze days, and (3) severe haze days. The quality of the differential optical absorption spectroscopy (DOAS) fit for both CHOCHO and NO 2 was low during severe haze days due to a reduced signal to noise ratio. NO 2 and CHOCHO showed positive correlations with PM2.5, producing R values of 0.95 and 0.98, respectively. NO 2 showed strong negative correlations with visibility and air temperature, obtaining R values of 0.97 and 0.98, respectively. CHOCHO also exhibited strong negative correlations with temperature and visibility, displaying R values of 0.83 and 0.91, respectively. The average concentration of NO 2 , CHOCHO, and PM2.5 during haze days was larger compared to that of clear days. Diurnal variation of both CHOCHO and NO 2 showed a significant decreasing trend in the afternoons during clear days due to photolysis, while during haze days these two gases started to accumulate as their residence time increases in the absence of photolysis. There was no prominent weekly cycle for both trace gases.
Introduction
China has been ranked near the bottom of the Global Environmental Sustainability Index due to its persistent and extensive air pollution [1] . Widespread air pollution in China can be attributed to a variety of factors: high output from production and manufacturing, an extensive rise in the number of automobiles, a massive economic boom, and high population growth. Poor air quality results in the degradation of human health as well as negative impacts on terrestrial ecosystems and the built environment.
Nitrogen dioxide (NO 2 ) and glyoxal (CHOCHO) have significant roles in varying the chemistry of the troposphere [2] . Glyoxal may originate from natural as well as anthropogenic activities [3] [4] [5] . The molecule is the smallest alpha-dicarbonyl with the highest predominance in the troposphere [6] .
Glyoxal is generated as an intermediate product in most volatile organic compound (VOC) oxidation cycles [5, 7, 8] and acts as an indicator for secondary organic aerosol (SOA) formation in the atmosphere [4, 7, 9] . In addition, CHOCHO is also produced as an oxidation product for alkyne, isoprene, and various aromatic hydrocarbons. The concentrations of CHOCHO are not directly impacted by vehicular discharges [5] because they are only in fractions.
The formation of tropospheric ozone and the destruction of stratospheric ozone are catalyzed by nitrogen dioxide (NO 2 ) along with other species in the troposphere [10] . The oxidation of nitrogen dioxide forms nitric acid under favorable circumstances in the atmosphere [11] . It increases the risk and incidence of infections related to the respiratory tract [12] . Combustion of fossil fuels in urban settlements has been regarded as the main source of nitrogen dioxide [13] . Additionally, nitrogen dioxide may act as a precursor for the formation of aerosols under certain meteorological conditions. Nitrate aerosols constitute a significant proportion of fine particulates in the urban environment.
In the lower atmosphere, a substantial driving factor towards pollutant distribution in terms of chemical behavior and residence time is believed to be the meteorological condition of the locality. There exist several pieces of evidence in the literature that highlight the effect of various meteorological factors on the distribution of trace gases and aerosols in the atmosphere [14] . The overall tropospheric profile including gaseous pollutants and a variety of particles along with their meteorological parameters present a dynamic and multidimensional picture of the atmosphere, aiding towards a better understanding of pollutant sources, features, and sinks, as well as their dependence on weather conditions. Multi-axis differential optical absorption spectroscopy (MAX-DOAS) is a type of passive spectroscopy system that has been in use to observe tropospheric trace gases over the past decade. There have been some reported studies on monitoring air quality in China using MAX-DOAS instruments. Long-term observations have resulted in the demonstration of monthly, weekly, and diurnal cycles of SO 2 , NO 2 , and HCHO in China, and these long-term based observations have been published in Ma et al. [15] , Wang et al. [16] , and Hendrick et al. [17] . Concentrations of tropospheric nitrogen dioxide were obtained using MAX-DOAS mounted at four different locations in Shanghai in 2010 during the Shanghai World Expo [18] . A MAX-DOAS system was deployed in the Eastern part of China to monitor NO 2 , HCHO, and SO 2 in the Yangtze River Delta (YRD) region. Shanghai, Hefei, and Nanjing were designated for long-term monitoring. Vertical profiles and vertical column densities (VCDs) of tropospheric trace gases were monitored. Minimum values of SO 2 and NO 2 were observed at noon, whereas maxima for HCHO occurred during noontime. The broad-spectrum concentration of the pollutants was observed to gradually decrease from Shanghai to Hefei [19] . The effect of haze and non-haze conditions on the retrieval of CHOCHO from MAX-DOAS observations in Beijing has been investigated [20] .
The city of Hefei, which supports a population of 683 people/km 2 , is the capital city of Anhui Province. Excessive development and rapid economic growth over the years have resulted in the compromising of air quality in this city, with haze being the most prominent environmental problem. The prevalence of haze has dramatically impacted public health and has cast negative impressions on transportation networks and production systems. The city usually witnesses hazy days during the autumn and winter months of the year. This can be understood by taking into account the crop burning practices which occur during these months.
In addition, the location of the city makes it more prone to cold and dry air, with relatively gentle winds resulting in less chance for dust and other particulates to be diffused, causing the formation of haze.
Keeping in mind the aforementioned facts, Hefei may be considered a potential site for the observation of pollutants like NO 2 and CHOCHO. However, there have been no studies which have reported on the monitoring of CHOCHO and effects of different meteorological conditions on the retrieval of NO 2 and CHOCHO. In this study we primarily focused on retrieval of CHOCHO and NO 2 from MAX-DOAS observations. Time series and weekly and diurnal cycles of VCDs of NO 2 and CHOCHO were generated. The dependence of CHOCHO and NO 2 VCDs on different meteorological parameters is discussed. As a quick overview of the arguments discussed above, the current research claims the unique contribution of monitoring the air quality of Hefei, China.
Materials and Methods

Instrument
Ground-based observations of several trace gases were carried out using a remote sensing MAX-DOAS instrument. The instrument contains a spectrometer which has a resolution of 0.6 nm and a spectral range of 300-490 nm. The major source of light employed by the instrument is dispersed sunlight, while spectral observations can be taken at different viewing angles depending on the concerned atmospheric species [21] . An inbuilt processor automatically controls the day-to-day measurements of the instrument. The spectral measurements were recorded at elevation viewing angles of 1
• , and 90 • . The average time span for single measurement was 60 s.
Observation Site
Anhui Province is situated in Eastern Central China with Hefei (31.783 • N, 117.201 • E) as the capital. The climate of the region is subtropical and humid with the existence of four distinct seasons: summer, fall, winter, and spring. The locality is dominated by southeasterly winds during summer and northwesterly during the winter season. Following a general trend, Hefei has experienced a boom in growth and development over the past two decades. At present, the city supports a permanent population of about 7.7 million. For the current study, the MAX-DOAS instrument was fitted on the building of the Hefei Environmental Protection Bureau. The observation site was almost in the center of city. Figure 1 shows the location of the observation site for MAX-DOAS measurements in Hefei, China.
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DOAS Analysis
The application of DOAS provides differential slant column densities (dSCDs) for a variety of trace gases [22] . The current study analyzes MAX-DOAS spectra by employing QDOAS software developed by the Royal Belgian Institute for Space Aeronomy (BIRA-IASB) [23] . The spectra were employed to correct the measurement spectra prior to further analysis. A variety of absorption cross sections for trace gas [24] [25] [26] [27] [28] , a low order polynomial, a Fraunhofer reference spectrum, and a Ring spectrum were included in the DOAS fit. Comprehensive details for the DOAS fit settings have been depicted in Table 1 . 
The application of DOAS provides differential slant column densities (dSCDs) for a variety of trace gases [22] . The current study analyzes MAX-DOAS spectra by employing QDOAS software developed by the Royal Belgian Institute for Space Aeronomy (BIRA-IASB) [23] . The spectra were employed to correct the measurement spectra prior to further analysis. A variety of absorption cross sections for trace gas [24] [25] [26] [27] [28] , a low order polynomial, a Fraunhofer reference spectrum, and a Ring spectrum were included in the DOAS fit. Comprehensive details for the DOAS fit settings have been depicted in Table 1 . Figure 2 displays a characteristic DOAS spectral fitting of the spectrum obtained at a viewing angle of 30 • on 11 November 2018. The fitting shows obvious absorption structures and low residuals, revealing that the spectral fitting is of good quality.
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(1)
The difference in AMF between α ≠ 90° and α = 90° is actually referred to as dAMF.
AMF can be estimated using a geometrical approximation approach [30, 31] .
Equation (4) then becomes: Vertical column densities were generated using an air mass factor (AMF) [29] . For the current study, a differential air mass factor (dAMF) was applied.
Results and Discussion
The difference in AMF between α 90 • and α = 90 • is actually referred to as dAMF.
Equation (4) then becomes:
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Meteorological Conditions
The observation period of this study, i.e., July 2018 to December 2018, has been divided into three different categories of meteorological conditions based on meteorological parameters. These three categories are (1) clear days, (2) haze days, and (3) severe haze days. The clear days are days with visibility greater than 10 km and a PM2.5 concentration less than 70 µg/m 3 . The haze days are days with visibility less than 10 km and greater than 5 km and where the PM2.5 concentration is greater than 70 µg/m 3 and less than 115 µg/m 3 . The severe haze days are days with visibility less than 5 km and a PM2.5 concentration greater than 115 µg/m 3 [32, 33] . Table 2 shows a summary of different meteorological conditions. The data for meteorological parameters like temperature, humidity, and visibility was downloaded from (http://www.wunderground.com/). The data for meteorological parameters was obtained from a weather station installed at Hefei airport. The data for PM2.5 was downloaded from (http://beijingair.sinaapp.com/). 
Impact of Meteorological Conditions on DOAS Fit of CHOCHO and NO 2
The measurements of MAX-DOAS in the ultraviolet as well as the visible spectral range largely rely on the intensity of sunlight. The excellence of the DOAS fit is characterized by the structure of the residual left after subtracting numerous absorbers using a numerical least square fitting method [22, 34] which is usually expressed using the root mean square (RMS). It is a measure of mean "instrument error" which is largely subjected to many specific parameters like limitations of the instruments (such as dark current and spectral resolution, etc.), along with limitations in illustrating the actual state of the atmosphere (for instance aerosols and scattering processes, etc.). Figure 3 shows the average RMS and dSCD errors during different weather conditions. A higher RMS is observed during severe haze and haze days while on clear days the RMS is low. A similar trend is observed for the dSCD error with higher values during severe haze and haze days and lower values during clear days. These results can be related to the fact that during haze days the intensity of light is low, resulting in a lower signal to noise ratio. The quality of the DOAS fit is affected during severe haze days, which can be observed from the RMS and dSCD errors for both CHOCHO and NO 2 . This can result in an underestimation of CHOCHO and NO 2 levels. By contrast, the RMS and dSCD errors during haze and clear days are in an acceptable range and do not have any significant effect on the levels of CHOCHO and NO 2 .
Atmosphere 
Time Series of NO2, CHOCHO, and Meteorological Parameters
Observations of the trace gases NO2 and CHOCHO were performed from July 2018 to 31 December 2018 in Hefei, China. QDOAS software was used for analysis of the spectrum to obtain dSCDs. VCDs were generated from these dSCDs using a geometric approximation approach. Data for meteorological parameters like temperature, humidity, and visibility was downloaded from (http://www.wunderground.com/). Data for PM2.5 was downloaded from (http://beijingair.sinaapp.com/). This website belongs to the national environmental monitoring network. Figure 4 shows time series of NO2 and CHOCHO. 
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Dependence of Trace Gases on Meteorological Parameters
In the lower atmosphere, a substantial driving factor of pollutant distribution in terms of chemical behavior and residence time is the meteorological condition of the locality. Hence, the relation of trace gases, i.e., NO 2 and CHOCHO, with different meteorological parameters is discussed here. Figure 5 shows monthly variations of PM2.5, temperature, visibility, NO 2 , and CHOCHO. The average concentration of PM2.5 is seen to increase gradually from July to December. A similar trend is observed for the concentration of NO 2 and CHOCHO, whereas air temperature and visibility show a decreasing trend. The decrease in visibility due to an increase in PM2.5 is obviously to have resulted in the more frequent occurrence of haze days in the month of December.
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Diurnal Variation
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Atmospheric trace gases may come from a variety of natural sources of chemical and biological nature as well as from agricultural and industrial practices. The concentration of such gases in the atmosphere and their variation depends upon emission sources, transport routes, and removal mechanisms [37] . In urban centers, the concentration of trace gases is directly or indirectly linked to anthropogenic activities. Specific trends can be seen when looking at the diurnal cycle of these trace Atmosphere 2019, 10, 353 9 of 13 gases in the atmosphere at different times of the day. The diurnal cycle is critical for understanding the atmospheric profile of these pollutants as well as vital for understanding the emission sources and atmospheric chemistry of these trace gases. The study of atmospheric trace gases can be employed to address various contemporary environmental problems [38] . In this study, the mean diurnal variation of both trace gases was calculated. Figure 7 represents the diurnal variation of CHOCHO and NO 2 .
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During clear days, due to a faster photolysis rate, a certain decrease in CHOCHO emissions is observed during the afternoon; haze and heavy haze days do not depict such a trend. CHOCHO concentrations during severe haze days are lower than during haze days, which can be explained by taking into account the fact that DOAS retrieval for CHOCHO is very sensitive and is underestimated during severe haze days.
Weekly Cycles
Human activities can be categorically divided according to weekly cycles. During weekends, because of reduced industrial activities and transport, the emissions of atmospheric pollutants normally decline [40] in comparison to week days, with peak anthropogenic activities at industrial as well as personal levels (including more use of public and private transport). This factor may have a significant effect on weekly cycles of various atmospheric species. However, in China, because of continuous industrial activity throughout the week and no formal weekly breaks, the weekend effect for various atmospheric species has been observed to be non-significant [15, 18, 19, 41] . Figure 8 shows the results of our weekly cycle. There is no meaningful conclusion which can be drawn from these results. These results are consistent with the findings of previous studies. For haze and severe haze days there is no reduction in the level of NO2 during the afternoon. This is obviously because the major sink for NO2, i.e. photolysis, is absent during these days, which results in a slight increase in residence time of the trace gas. During severe haze days, a lower concentration of NO2 is observed as compared to haze days. These results may be ascribed to an underestimation of trace gases during severe haze days due to a lower signal to noise ratio.
Human activities can be categorically divided according to weekly cycles. During weekends, because of reduced industrial activities and transport, the emissions of atmospheric pollutants normally decline [40] in comparison to week days, with peak anthropogenic activities at industrial as well as personal levels (including more use of public and private transport). This factor may have a significant effect on weekly cycles of various atmospheric species. However, in China, because of continuous industrial activity throughout the week and no formal weekly breaks, the weekend effect for various atmospheric species has been observed to be non-significant [15, 18, 19, 41] . Figure 8 shows the results of our weekly cycle. There is no meaningful conclusion which can be drawn from these results. These results are consistent with the findings of previous studies. 
Conclusions
In this work, MAX-DOAS observations for NO2 and CHOCHO were performed from 1 July 2018 to 31 December 2018 in Hefei, China. Hefei is the capital of Anhui Province and has a population of around 7.80 million. Hefei is becoming a potential site for air quality monitoring. Because of the development and growth of its economy its air quality is deteriorating and haze days are occurring more frequently. There have been fairly sparse studies reporting the monitoring of CHOCHO throughout China. This is first study to observe CHOCHO in Hefei. NO2 is well known for its significance in tropospheric chemistry. The observation time of our study was divided into three different categories based on meteorological parameters and PM2.5 levels. These categories were named clear days, haze days, and severe haze days. The excellence of the DOAS fit was not good during the severe haze days for both CHOCHO and NO2. RMS and dSCD errors were higher during severe haze days due to a low signal to noise ratio. This therefore resulted in the underestimation of NO2 and CHOCHO during severe haze days. NO2 and CHOCHO showed positive correlations with PM2.5, giving R values of 0.95 and 0.98, respectively. NO2 showed strong 
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